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Introduction
Agricultural mechanization has been defined in a number of ways. Perhaps the most comprehensive and appropriate definition is that it entails all levels of farming and processing technologies, from simple and basic hand tools to more sophisticated and motorized equipment . It includes all tools, implements and machinery and can use human, animal or motorized power sources. Mechanization eases and reduces hard labor (drudgery), relieves labor shortages, improve farm labor productivity, improves productivity and timeliness of agricultural operations, improves the efficient use of resources, enhances market access and contributes to mitigating climate related hazards (Sims and Kienzle, 2017) .
Increased accessibility and effectiveness of agricultural mechanization can contribute to Africa's agricultural and economic transformation (IFPRI, 2016) . Farm mechanization is essential in increasing land and labor productivity. Without proper mechanization, agricultural productivity in the smallholder sector will continue to stagnate, or even decline especially due to increasing labor constraints (FAO, 2006) . The process of agricultural mechanization involves many aspects. From identifying farm operations that should be mechanized, and identifying, adapting and/or producing suitable machinery, to providing enabling and supporting environment and policies (such as markets, finance, capacity building) along the entire value chain (Baudron et al., 2015) .
This study provides an assessment of the patterns of mechanization in agricultural value chains in Africa over the 10 year period (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) . This study proposes a clustering criteria that is relevant for comparing agricultural mechanization growth across countries. This is particularly significant because it looks in to pattern of agricultural mechanization along the entire value chain (production, post-harvest, processing, transport and storage) and compares it with the annual average agricultural output over the same time period. The rest of this paper is organized as follows: section two provides a brief overview of research on mechanization in Africa; section three discusses previous approaches to measuring agricultural mechanization; section 4 describes data, proposes agricultural mechanization clustering criteria, and also presents the results of agricultural mechanization patterns in Africa; while conclusions and implications of the study are presented in section 5.
Brief Overview of Research on Mechanization in Africa
Mechanization is a key investment in any farming system. However, for decades, mechanization remained a neglected element of agricultural and rural development polices in Africa. Only limited progress in agricultural mechanization has been achieved in terms of increased number of machines and market expansion in post-independence Africa. Consequently, for decades, farm based mechanization in most African countries has relied to an overwhelming extent on human muscle, based on operations that depend on the hoe and other hand tools. Such tools have implicit limitations in terms of energy and operational output. These methods also place severe limitations on the amount of land that a family can cultivated. Further, they reduce the timeliness of farm operations and limit the efficacy of essential activities such as cultivation and weeding, thereby reducing crop yields.
Recent estimates show that African farming systems remain the least mechanized of all continents -70% of the farmers cultivate parcels of less than two hectares by hand hoe (Pingali, 2007) . Further, estimates from the Food and Agricultural Organization (FAO) show that Africa has less than two tractors per 1000 ha of arable land. In 2012, average tractor use in Sub-Saharan Africa was around 1.3 per 1000 hectares of cultivated land, compared to around 9.1 and 10.4 tractors in South Asia and Latin America respectively, for the same period (FAO, 2012) . In fact, tractor use in Sub-Saharan Africa peaked at 1.9 per 1000 hectares in 1986 and has gradually declined since then (FAO, 2011; FAO, 2012) . Several factors have been attributed to limit mechanization and to hinder government and private sector investment in mechanization among smallholder farmers in Africa. They include (i) thin markets that limit access to machinery and spare-parts supplies, (ii) missing institutions especially those that would be required to ensure adequate technicians and skilled personnel to operate and repair farm machinery, (iii) governance challenges such as political interest, elite capture, ineptness and corruption that constraint the government and hinder private sector's involvement in machinery importation, among others (see Daum and Birner, 2017 for a recent review).
Mechanization is an essential input not only for crop production, but it also has a crucial role to play along the entire value chain (FAO, 2007; Breuer, 2015) . For example, mechanization is needed at different stages as follows: (i) Production: for land preparation, crop establishment, weeding, fertilization, irrigation, crop protection, harvesting
(ii) Post-harvest/storage: for drying, grading, winnowing, cleaning, storage (iii) Processing: for chopping, milling, grinding, pressing (iv) Marketing: for packaging, transport
Most of the Research and Development (R&D) programs have placed much emphasis on increasing the efficiency with which land, water and nutrients are used, however farm mechanization appears to be an overlooked resource. The changing agricultural sector and the challenges faced by smallholders call for the need for farm mechanization suited to smallholder farming. Recent studies (such as Baudron et al., 2015; find that the rural area and smallholder farming conditions have changed tremendously in the last decade or two and seem to favor a shift to appropriate mechanization. This shift is expedited by a combination of many factors: agriculture is relatively getting more commercially-oriented and is characterized by seasonal labor shortages, the number of draught animals is declining in many parts of SSA, fuel is relatively more available in rural areas than before due to proliferation of small engines (especially moto bicycles) (ibid).
The demand for agricultural mechanization depends on several factors, such as; the intensity farming operations, market access for the agricultural products, labor market situations, capacity to utilize machines, and availability of complementary technologies (IFPRI, 2016). However, the benefits of mechanization also rely on the availability and the use of other complementary inputs such as improved seeds, fertilizers and water. Further, sustainable agriculture intensification will succeed where there is sufficient supply of farm machinery .
Recent evidence (Diao et al., 2014) underline the importance of supply side factors in constraining successful mechanization among smallholder farmers. This is marked by the increased demand for some mechanized farming operations like ploughing and harvesting. However in many countries, Ghana for instance, the agricultural mechanization strategies are dominated by state-led mechanization program (Diao et al., 2014 ). This strategy is inherently weak in that the governmentrun agricultural mechanization service centers are inefficiently operated, and the direct importation of heavy machinery by the state inhibits private sector from importing appropriate and affordable machinery. Indeed, some assessments have found that that several previous government subsidized large tractor imports were not only ineffective and inefficient, but also adversely affected the private supply chain development (IFPRI, 2016) . Similarly, many international aid programs for mechanization also continue to import many equipment that are unsuitable for specific SSA circumstances (FAO, 2006) .
A promising supply model would entail development of market for hiring mechanized service. This involves private ownership of machinery by medium and large scale farmers who would in turn hireout services to small-scale farmers. Government can then play a more supportive and complementary role by creating an enabling environment for private-sector-driven mechanization supply chains to thrive as opposed to direct government involvement in importation and distribution of machinery or in subsidized programs (IFPRI, 2016). Other areas that government has an immense role to play include providing R&D on locally appropriate and adaptable machinery (such as tractors suitable for small-scale farms, and multifunctional tractors), and providing skill development and vocational and technical training on machinery use and repairs (Kirui & Kozicka, 2018) . It has been noted that most of these past initiatives promoting mechanization failed because of lack of supporting infrastructure (Baudron et al., 2015) .
The private sector may benefit even more where there is good effective demand for machinery, and economic use rates, and where there is efficient machinery and equipment supply chains and services . Recently, private importers have been found to be able to import lower-cost machinery and the brands preferred by farmers, which can be easily and cheaply repaired (IFPRI, 2016). While assessing the economics of tractor ownership by Ghanaian farmers, IFPRI (2014) found that tractor service provision is profitable when tractors owners take advantage of timely access of the tractors in their own farms and provide numerous services such as ploughing, and maize-shelling to other farmers. Locally manufactured tractor mountable implements such as seeders and shellers are affordable and would guarantee quick returns in the short to medium term. In the face of small and insignificant markets for farm machinery, it might be worthwhile to consider exploiting economies of scale through inter-country or regional manufacturing and/or supply hubs.
The Sustainable Development Goals (SDGs) in goal number twelve -SDG12: ensuring sustainable consumption and production patterns -provides a strong case for sustainable crop production intensification that will protect natural resources while producing food for the global growing population (Le Blanc, 2015; UN, 2015) . In order to achieve this, there is need to sharply improve labor and land productivity in the smallholder farming sector which produces up to 80% of the food in developing countries. This would not only require improved access to essential crop production inputs including quality seed, fertilizer and irrigation water, but also would necessitate increased access to machinery.
The changing agricultural sector and the challenges faced by smallholders in developing countries, especially in Africa, call for the need for farm mechanization suited to smallholder farming. For example, conventional four-wheeled tractors (4WTs) may not feasible for many smallholders owing to their high capital costs, unsuitability for fragmented holdings as well as farm topography and slope. More appropriate technologies such as two-wheeled tractors (2WTs) and their requisite accessories may be needed. Indeed, 2WTs are becoming more available in the SSA as reflected by increasing imported units in several countries especially in Eastern and Southern Africa, such as Tanzania and Ethiopia where about 6,000 and 4,100 units were in use as of 2014 (Baudron et al., 2015) .
As smallholder agriculture become more commercial and modern, and agricultural value chains get more intricate, there is need for strategies to promote diverse types of mechanization technologies along these value chains . Vast mechanization opportunities for small to medium scale farmers and other entrepreneurs lie in agro-processing, transport or other off-farm activities. In identifying farm operations that should be mechanized, priority ought to be given to tasks where labor productivity is low and/or where labor drudgery is high (Baudron et al., 2015) .
The collapse of virtually all the government-run tractor schemes demonstrates the need for a new approach to mechanization that involves the private sector. Sustainability of such new approaches should ensure the profitability for farmers, private sector actors, and other service providers in the supply chain. The growing shortage and deteriorating quality of human labor in most countries is as a result of ageing farmer population and rural-urban migration of the able youth (Proctor and Lucchesi, 2012; Filmer and Fox, 2014; IPAR, 2014; Mekuria et al., 2014; FAO, 2015) . For decades, the low levels of farm mechanization has been linked to labor drudgery which makes farming unattractive to the youth and to disproportionally affect women -youth opt for alternative urban livelihoods, favoring non-farm over on-farm activities (Diao et al. 2012 ). Further, the decline in number of draught animals and diseases outbreaks (such as Trypanosomiasis) cannot be under estimated.
Addressing declining farm power (agricultural mechanization) can be achieved by decreasing power demand through power saving technologies or/and by increasing farm power supply through appropriate mechanization. Earlier studies have shown that land preparation is the most energydemanding farming operation in rain-fed agriculture (Lal 2004 ). Thus simplification of this soil inversion operation either by reduced or no tillage would highly reduce the amount of power needed. It is estimated that reduced or no till would cut energy requirements by about half compared to mouldboard or disc ploughing (Lal 2004 ). Reduced or no tillage would also make it possible to use low powered, affordable and easy to maintain 2WTs (Singh 2006; Singh, 2013) . However, that the African Conservation Tillage (ACT) Network documents that conservation agriculture practices have largely been adopted by large scale farms (ACT, 2017). In 2016 for instance, 68% (that is, 1.835 million ha out of a total of 2.679 million hectares) of land area under conservation agriculture were in large scale farms especially in South Africa, Zambia, Mozambique, Malawi and Zimbabwe (ibid).
Successful promotion of conservation agriculture (reduced tillage practices) and its mechanization options will require proper policies, political will, incentives for private sector participation, and perhaps more importantly training for small-scale farmers (FAO, 2006; Collier and Deacon, 2009). Increasing motorized equipment if Africa, just like was achieved in some Asian countries during the ''Green Revolution'' and in the course of the last three decades, can be achieved through three different approaches (see Diao et al. (2012) for detailed description):
(i) Medium to large scale farmers own medium-size machines and hire out their services to other farmers (the Indian model). This should be accompanied by high public support (subsidies) for the purchase of machines (tractors, combined harvesters, threshers, etc.) and large investment in infrastructure (Singh 2006; Hazell 2009 The number of tractors as well as other indices such as farm power availability and ratio of mechanical power to total farm power are biased towards land preparation and crop production ignoring other significant parts of the value chain like processing and transport. Indeed, processing as well as logistics and transport may include more sophisticated mechanized operations than land preparation.
Gauging mechanization using the intensity of farm power maybe inadequate because it omits time dynamics (Sundaram et al., 2012) . Furthermore, in most developing countries, tractors are used for both agricultural and non-agriculture activities, thus, quantification the actual farm power use of tractors based on machine power relative to total farm power, would be inaccurate. Thus it would be more relevant to identify and the actual utilization of any equipment for different operations along the value chain. Similarly, identifying the levels or patterns of mechanization based on machine energy relative total energy (human, animal, and machinery) should also be enumerated at different levels of the value chain in order to capture the actual energy expended (Singh., 2006; Abbas et al. 2017 ).
This study proposes to measure patterns of agricultural mechanization based on average annual machinery growth. Growth in the agricultural machinery as an indicator of patterns of agricultural machinery would be more desirable because it does not only consider the stock of available machine capital but also the additionally acquired machinery over time. It is also critical to consider entire value chain and different sectors (crop and livestock). Emerging technologies as well as domestically manufactured machinery should also be accounted for in measuring the levels and patterns of agricultural mechanization.
Measuring Agricultural Mechanization Patterns in Africa
Definition and Measurement of Mechanization
The variables used in this study are presented in Table 1 . They are defined and measured as follows:
Farm machinery: Refers to the value of total stock of farm machinery in "40-CV tractor equivalents" (CV=metric horsepower). This is the achieved by aggregating the number of 2-wheel tractors, 4-wheel tractors, and combine-harvesters using data from FAO except 2-wheel tractors, which were compiled from national sources
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. For weights, the following assumptions suffice: 2 wheel tractors average 12 CV, 4-wheel tractors 40 CV, and combine-harvesters 20 CV. Data sources: FAO except 2-wheel tractors, which were compiled from national sources (recorded in USDA, Economic Research Service). The first two columns of Table 1 present the average annual growth in machine across all countries in Africa. Figure 1 depicts the annual machinery growth. 1 The stock of assets acquired from past periods are corrected for depreciation to attain the net capital stock. These assets are valued at their market prices which are lower than their "as new" prices by the amount of accumulated consumption of fixed capital. Note: The average number of agricultural machinery units is expressed in "40-CV (horse-power) tractor-equivalents".
Over the ten year period eight countries (Sudan, Mali, Morocco, Niger, Angola, Burkina Faso, Zambia and Botswana) recorded growth in agricultural machinery of at least three percent. Others including the Gambia, Tanzania, Burundi, Togo, Ethiopia, South Africa, Rwanda, Senegal, and Malawi also reported a growth rates of between 2.69 percent and three percent. Together, these countries form the top (highest) tercile. However, a few countries (Seychelles, Cape Verde, and Mauritius) reported a negative growth rate over the same period (Table 1 , Figure 1 ). Table 1 presents the average annual in agricultural output growth over 2005-2014 period. These are also depicted in Figure 2 . Over the ten year period ten countries (Zambia, Angola, Sierra Leone, Algeria, Tanzania, Malawi, Rwanda, Benin, Ethiopia, and Cameroon) recorded growth in agricultural output of at least five percent. However, four countries (Mauritius, Cape Verde, Uganda, and Namibia) reported a negative growth rate over the same period (Table 1 , Figure 2 ). 
Agricultural output:
Patterns of Agricultural Mechanization: a Clustering Approach
Several countries across Africa have made remarkable progress in improving the level of agricultural mechanization in the last 2-3 decades. Based on data availability. To identify the patterns of agricultural mechanization (in past 10 years) we rely on the average annual machinery growth rate and agricultural output growth rate to measure country efforts in mechanization their likely impact in the food value chains. We develop a 2x2 table, which presents levels of mechanization verses levels of agricultural growth resulting in four clusters as shown in Table 2 and depicted in Figure 3 .
The procedure was completed in two stages. In stage 1, the countries showing scores for the average annual machinery growth rate above the higher tercile which is 2.6 percent were grouped within the Higher Mechanization clusters, while the countries ranking below this cut-off were grouped within the Lower Mechanization clusters. In the second stage countries that reported an average rate of agricultural output growth above the higher tercile which is 3.9 percent were categorized under high agricultural growth, while countries below that rate were categorized under lower agricultural growth. This resulted in four clusters as follows ( The clustering facilitates comparisons of agricultural mechanization growth across countries. It does not only look at field level mechanization but includes mechanization along the value chain.
Findings highlight great diversity across Africa, which indicates scope for cross-country learning from experiences:
-Some countries have simultaneously experienced a higher growth rate in agricultural machinery and agricultural output, including; Angola, Botswana, Ethiopia, Malawi, Mali, Morocco, Niger, Rwanda, Tanzania, Togo, and Zambia.
-A large number of African countries combine a pattern of low growth in machinery with low agricultural output growth, including some large agricultural economies with potentials for growth, such as Côte d'Ivoire, DRC, Kenya, Madagascar, Nigeria, Tunisia, Uganda and Zimbabwe.
-It might be instructive for policy makers and planners from these countries, to gain insights from African those countries that managed to achieve higher agricultural growth, be it in combination with high machinery growth (as the cases listed above), or even with lower growth in machinery, which include countries like Ghana, Benin, Cameroon, and Mozambique.
Obviously, mechanization investments depend on a host of factors: agricultural ecologies, (small) farm and production structures, comparative advantages and opportunity costs of labor, access to finance and the development of machinery markets and services, etc. It may be assumed that agricultural output growth pulls mechanization and mechanization drives agricultural output growth. We find a strong positive correlation of 0.52 between agricultural machinery growth and agricultural output growth (and vice versa). Given the two-way relationship, this is of course not depicting causality.
Accelerating investments in agricultural mechanization and related value chains requires fresh policy consideration:
-Analyses of the determinants of mechanization, costs and benefits, and the related institutions, including cooperative sharing, and commercial leasing arrangements, seem worthwhile in order to define most suitable use of machine capital accessible to small holders.
-Such analyses might best be done at country and local levels rather than in the context of the broad identification of patterns and dynamics that were the aim of this review paper.
-Policy, however, also needs a country level strategic perspective, especially regarding machinery imports and services contracts, and for the build-up of African agricultural machinery industries.
7 Appendix: Other Relevant Data : The stock of assets surviving from past periods, and corrected for depreciation is the net or wealth capital stock. NCS is valued as if the capital good (used or new) were acquired on the date to which a balance sheet relates, that is, assets are valued at their market prices. These are lower than their "as new" prices by the amount of accumulated consumption of fixed capital. These market values are estimated by deducting accumulated consumption of fixed capital from the gross capital stock. The net capital stock is thus the value at a point in time of assets at the prices for new assets of the same type less the cumulative value of consumption of fixed capital accrued up to that point.
Capital Stocks to labor ratio:
Is computed as a ratio between Net Agriculture Capital Stocks to agricultural labor force.
(iv) Agriculture value added per worker 6 : (in constant 2010 US$). The remarkable increase in the value added by agriculture (i.e., the net output of the sector after adding up all outputs and subtracting intermediate inputs), particularly over the past decade (Table 3) , has made investment in agricultural inputs such as fertilizers possible in countries such as South Africa, Mauritius, Nigeria, Tunisia, Egypt and Algeria. However, in contrast with other countries that experienced the Green Revolution (e.g., India), the farm power available per area of agricultural land is still very low over the past three decades. 
